Dexamethasone negatively regulates insulin gene expression in HIT-15 cells. In vivo, however, an excess of glucocorticoids results in an increase in insulin biosynthesis and peripheral hyperinsulinemia. To resolve this contradiction, we have studied the effects of dexamethasone in primary rat islet cells. We show here that dexamethasone decreases insulin mRNA levels in single islet cells, as in HIT-15 cells, but does not affect these levels in reaggregated islet cells and increases them in intact islets of Langerhans. Because cAMP is an important regulator of insulin gene expression and intracellular cAMP content may be decreased in single (3 cells, we investigated whether cAMP could prevent the inhibitory effect of dexamethasone on insulin mRNA levels. In the presence of cAMP analogues, the inhibitory action of dexamethasone was not only prevented, but insulin mRNA increased to levels comparable to those observed when cAMP analogues were used alone. We conclude that the insulin gene is negatively regulated by dexamethasone in single islet cells, but that other factors such as cAMP prevent this effect when the native environment of islet cells is preserved. Our results indicate that insulin gene regulation is influenced by cell to cell contacts within the islet, and that intracellular cAMP levels might be influential in this regulation. (J. Clin. Invest. 1992. 90:2228-2233
Introduction
Glucocorticoids are antagonistic to insulin and have major effects on glucose homeostasis (1) . Increased production and decreased utilization of glucose account for the impaired glucose tolerance during glucocorticoid treatment. The decrease in glucose utilization is acompanied by elevated fasting and glucose-stimulated insulin levels reflecting insulin resistance of target organs. Furthermore, peripheral hyperinsulinemia correlates with islet ( cell hyperplasia. Despite numerous in vitro studies, it is still unclear whether glucocorticoids directly affect insulin biosynthesis and secretion (for review, see reference 1 ).
The 1 cells are the only islet cell type expressing the glucocorticoid receptor (2) . Using HIT-15 cells, we and others have recently shown that insulin biosynthesis is inhibited by dexa-novo" protein synthesis. These in vitro observations are somewhat contradictory to those made in vivo, where both increased insulin production and islet hyperplasia are observed. This apparent discrepancy may be explained if hyperinsulinemia were an indirect consequence of the glucocorticoid-induced changes in glucose production which would then override the direct inhibitory effects on insulin biosynthesis, and/or if HIT-15 cells were not an adequate model to explore insulin production. To investigate these possibilities, we studied insulin gene regulation in single islet cells, reaggregated islet cells, intact islets, and HIT-15 cells. We show here that the negative regulation of the insulin gene by dexamethasone that is observed in HIT-15 cells is also seen in isolated islet cells but not in reaggregated islet cells or intact islets. This difference may be at least partly explained by a change in the intracellular cAMP concentration.
Methods
Cell culture. HIT- 1 5 cells, a gift from Dr. A. E. Boyd III (Baylor College of Medicine, Houston, Tx), were cultured in RPMI-1640 with 11 mM glucose, supplemented with 10% fetal calfserum, 100 U/ml penicillin, and 100 zg/ml streptomycin, under an atmosphere of 5% CO2. 1 h before the experiments, culture medium was switched to RPMI-1640 supplemented with 0.5% BSA. Experimental plates were exposed to dexamethasone (Sigma Chemical Co., St. Louis, MO) at different concentrations, plus or minus lo-3 M 8-bromoadenosine 3',5'-cyclic monophosphate and I0-s M 3-isobutyl-l-methyl-xanthine (both from Sigma Chemical Co.), together referred to as 8-BMP.' Dexamethasone (Sigma Chemical Co.) was dissolved in ethanol at a stock concentration of lo-3 M.
Preparation ofrat islets. Rat islets were isolated from the pancreas of male Sprague-Dawley rats weighing 250-350 g by ductal injection of collagenase and Histopaque purification (5) . Islets from one rat were used for each experimental condition. After isolation, the islets were cultured in RPMI-1640 supplemented with 11 mM glucose and serum (as for HIT-15 cells) for 3 h and switched to 0.5% BSA-containing RPMI-1640 medium 1 h before the experiments.
Isolation of islet cells. Islets of Langerhans were isolated from Sprague-Dawley rats as outlined above. To prepare single cells (6) (Fig. 1 ). Because these results differed from those we reported in cultures of HIT-15 cells (4), we tested whether the insulin gene would be regulated in a similar fashion in primary rat islet cells dispersed from isolated islets. For each experimental condition single islet cells were isolated from six rats and dispersed in eight 60-mm culture plates. Under these conditions, < 20% of the cells formed aggregates after 2 d ofculture, the time at which total RNA was extracted. In the dexamethasone-treated cells, insulin mRNA levels were decreased to 46% of control value (Fig. 2) , an effect qualitatively similar to that observed in cultures of HIT-15 cells (see Fig. 4 ). This decrease was specific for insulin mRNA inasmuch as neither glucagon nor somatostatin mRNAs were con- sistently modified by dexamethasone (Fig. 2) . Similarly, the level of the f3-actin signal, used as an internal control, did not change significantly in the presence ofdexamethasone (Fig. 2) . These data are compatible with the hypothesis that insulin gene expression can be differentially modulated depending on whether # cells are single or aggregated within an islet.
cAMP analogues prevent the dexamethasone effect on insulin gene expression. A major difference between single 1 cells and f3 cells of intact islets is intracellular cAMP content. Dispersed /3 cells indeed contain 40% less cAMP than reported in isolated islets (8) . In addition, dispersed 3 cells exhibit an insulin secretory response to glucose or amino acids that is two-to fivefold lower when compared with that of 3 cells within intact islets (8, 9) . This impaired response can be normalized by the addition of cAMP analogues to purified 3 cells (8) . Thus, we have investigated whether the inhibitory action of dexamethasone on insulin gene expression can also be modulated by cAMP. Single /3 cells were incubated with dexamethasone alone ( o0-6 M), 8-BMP alone, or dexamethasone and 8-BMP for 24 h. Dexamethasone decreased insulin mRNA levels by 52% (Fig. 3) . By contrast, 8-BMP induced a 3.7-fold increase. When cells were treated with both 8-BMP and dexamethasone (10-6 M), the negative effects of dexamethasone were no longer observed. Rather, the insulin mRNA changes were similar to those seen with 8-BMP alone (Fig. 3) . Thus insulin mRNA was fourfold higher than in control cells. To investigate the effect of cell contacts on insulin gene expression, isolated islet cells were plated at high density to favor spontaneous reaggregation. Under conditions causing the clustering of > 90% of the islet cells, insulin mRNA levels were increased threefold compared to levels observed in isolated cells and dexamethasone had no effect. Interestingly, glucagon mRNA also increased by twofold in islet cells reaggregated compared to single islet cells and no change was caused by dexamethasone. In these experiments, isolated islet cells thus behaved similarly to HIT-15 cells. The kinetics of the changes in insulin mRNA levels in response to dexamethasone and cAMP were studied in HIT-15 cells. As previously reported (4), dexamethasone markedly decreased insulin mRNA at 12 and 24 h as opposed to 8-BMP which resulted in a progressive rise which was significant after 6 h and maximal at 24 h (Fig. 4) . The combination of 8-BMP and dexamethasone induced changes comparable to those seen with 8-BMP alone (Fig. 4) .
We also examined how different concentrations of dexamethasone combined to cAMP analogues would affect the abundance of insulin mRNA in HIT-15 cells. 10 1-M dexamethasone together with 8-BMP had the same effect as 8-BMP alone (Fig. 5) . However, increasing concentrations of dexamethasone ( 10 -8 and 10-6 M) resulted in an inhibition ofinsu- (Fig. 5) ( 10, 1 1 ) .
Intracellular cAMP content is critical in the process ofinsulin secretion and also of insulin biosynthesis through direct effects on insulin gene expression. Analogues of cAMP stimulate insulin mRNA levels in normal rat and human islets as well as in HIT-15 and RIN 5-F insulinoma cells (12) (13) (14) (15) . We have recently characterized a cAMP-responsive DNA element within the 5'-flanking sequences of the rat insulin I gene which mediates the regulation of insulin gene transcription in response to changes in intracellular cAMP levels ( 15) . Under both basal and stimulated conditions, cAMP levels appear important for maximal insulin gene expression, inasmuch as deletion of the cAMP-responsive DNA element results in decreased expression ofthe gene ( 1 5) . The mechanisms by which cAMP analogues abolish the effects of dexamethasone on single islet cells or HIT-15 cells are not clear. The cAMP-induced increase in transcriptional rate of the insulin gene we previously reported in HIT-15 cells (fourfold over basal activity) ( 15) would be expected to compensate for the decreased stability ofthe insulin mRNA in the presence ofdexamethasone (4). However, because the net effect of the dexamethasone-cAMP combination is at least a threefold increase in insulin mRNA, it is likely that additional mechanisms are involved. Phosphorylation and functional activation of steroid receptors by cAMPdependent protein kinase A have been clearly documented ( 16, 17) . Thus, direct interactions between the cAMP-dependent pathway and steroid receptor activation may be operative in modulating gene expression. In addition, the synthesis of the cAMP-responsive element binding protein that mediates the cAMP-induced changes in gene transcription is markedly increased by dexamethasone ( 18) . Our data, however, do not distinguish between these possibilities leaving presently unanswered the question of whether the dexamethasone-cAMP combination affects insulin gene transcription through a transcriptional, a posttranscriptional, or both mechanisms.
The observation that dexamethasone caused a decrease in the expression of the insulin gene in both HIT-15 cell cultures and dispersed islet cells is in apparent contradiction with the in vivo observation that glucocorticoids increase insulin biosynthesis ( 1 ) . Our data indicate that this discrepancy is mostly due to the in vitro conditions under which islet cells were tested. Indeed, using intact pancreatic islets, a preparation in which 3-cells retain at least in part their native in situ environment, we have found that dexamethasone increases insulin mRNA levels. This change may result in part from the lack of the glucocorticoid-induced inhibition, presumably due to the promoting effect of coexisting cAMP. However, it is unlikely that Insulin Gene Regulation by Glucocorticoids 2231 such a lack ofinhibitory effect alone could account for the 40% increase in the steady state levels of insulin mRNA we oW served. Rather, it is most likely that this net increase reflects also the involvement of other positive factors, such as the increased synthesis of the cAMP-responsive element binding protein ( 18) . Because the regulation of the insulin gene is defective in dispersed islet cells, these factors should be somehow dependent on the maintenance ofthe contacts : cells normally establish within the islets ofLangerhans. The absence ofinhibitory effects of dexamethasone on reaggregated islet cells strengthen this hypothesis.
In view of the stimulatory effects of glucose on insulin biosynthesis, which may be partly mediated by an increase in gene transcription, it is of importance to note that our data on primary islet cells were obtained in the presence of 11 mM glucose. We previously postulated that increased transcription in response to glucose could occur through the cAMP-responsive DNA element of the insulin gene, thus implicating cAMP as the second messenger. This view has, however, been recently challenged by the characterization of a more distal DNA control element responsible for the glucose-induced effects on gene transcription ( 19) . Furthermore, in this study, but not in another (20) , calcium was proposed as a possible mediator. Our present data indicate that in single islet cells 11 mM glucose was not sufficient to upregulate the insulin gene and that cell to cell contacts were critical. It is thus possible that glucose involves both a Ca2+-and cAMP-dependent mechanism which may be linked inasmuch as increases in cAMP levels allow more calcium to enter the (3cell through the voltage-dependent calcium channel ( 19) . Whatever the additional mechanisms by which glucose exerts its effects, it is likely that they participate in the response of the insulin gene to dexamethasone. Single (3 cells are known to release less insulin compared to aggregated # cells and intact islets (8, 9) . Homologous contacts have been shown to promote the recruitment ofsecreting ( cells and to increase two-to fivefold their individual release of insulin in the presence of glucose (9) . The reasons for these changes remain to be fully elucidated. Intracellular levels of cAMP have been shown to be decreased in dispersed islet cell preparations (8) , and this decrease may contribute to the poor glucose-stimulated insulin release of isolated (3 In any case, regulation of the insulin gene appears to involve both dexamethasone and cAMP. The glucocorticoid exerts a direct inhibitory effect on insulin gene expression as observed in single islet cells but this effect is prevented by the dominant positive action ofcAMP. Furthermore, ourdata indicate that the net effect on insulin biosynthesis will be modulated both by the glucocorticoid concentration and the intracellular level of cAMP. The relevance of these in vitro findings to the situation prevailing in vivo remains to be assessed. In the presence of excess glucocorticoids, increased glucose production might upregulate insulin biosynthesis by further increasing intracellular cAMP levels (27, 28) . This upregulation could contribute to the marked hyperinsulinemia observed during glucocorticoid treatment.
In conclusion, our studies indicate that the regulation ofthe insulin gene is modulated by the environment of ( cells, suggesting that cell to cell interactions are critical to maximize gene expression.
